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Independent Regulation of Synaptic Size
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Ubiquitylation via the putative ubiquitin ligase HighwireNeuronal plasticity relies on tightly regulated control of
has been proposed to be a general regulator of theprotein levels at synapses. One mechanism to control
morphology and function of neuromuscular synapses inprotein abundance is the ubiquitin-proteasome degra-
Drosophila (DiAntonio et al., 2001). With few exceptions,dation system. Recent studies have implicated ubiqui-
however, the regulatory mechanisms by which synaptictin-mediated protein degradation in synaptic develop-
proteins are targeted for polyubiquitylation and subse-ment, function, and plasticity, but little is known about
quent proteasomal degradation are poorly understood.the regulatory mechanisms controlling ubiquitylation
A greater understanding of ubiquitylation and proteinin neurons. In contrast, ubiquitylation has long been
degradation has come from studies of the eukaryoticstudied as a central regulator of the eukaryotic cell
cell cycle. Two multisubunit E3 ubiquitin ligase holoen-cycle. A critical mediator of cell-cycle transitions, the
zymes, the SCF (Skp/Cullin/F-box) complex and theanaphase-promoting complex/cyclosome (APC/C), is
Anaphase Promoting Complex, or Cyclosome (APC/C)
an E3 ubiquitin ligase. Although the APC/C has been
are known to promote major cell cycle transitions. The
detected in several differentiated cell types, a func-
SCF promotes the ubiquitylation and degradation of
tional role for the complex in postmitotic cells has cyclin E, p27kip1, and other substrates, mediating the
been elusive. We describe a novel postmitotic role for transition into S phase. The APC/C mediates the de-
the APC/C at Drosophila neuromuscular synapses: in- struction of mitotic cyclins and inhibitors of chromo-
dependent regulation of synaptic growth and synaptic some segregation, as well as regulators of DNA repli-
transmission. In neurons, the APC/C controls synaptic cation, centrosome duplication, and mitotic spindle
size via a downstream effector Liprin-; in muscles, assembly, thereby allowing the transition from anaphase
the APC/C regulates synaptic transmission, control- through mitosis into G1 (reviewed in Deshaies, 1999;
ling the concentration of a postsynaptic glutamate re- Harper et al., 2002; Jackson et al., 2000; Peters, 2002;
ceptor. Tyers and Jorgensen, 2000). The APC/C consists of
more than 11 core subunits, including Cdc27 and the
Introduction catalytic subunits APC2 and APC11 (reviewed in Harper
et al., 2002; Page and Hieter, 1999; Peters, 2002). Cdc20
Neuronal development and plasticity rely on the tightly and Cdh1 are transiently associated “activating” sub-
regulated control of protein levels at synapses. One units that interact with target substrates (Burton and
mechanism to control protein abundance is the ubiqui- Solomon, 2001; Hilioti et al., 2001; Pfleger et al., 2001;
tin-proteasome degradation system. Ubiquitin is a small Schwab et al., 2001) and mediate their interaction with
protein modifier, conjugated to lysine residues in target core APC components (Vodermaier et al., 2003). APC/C
activity can be regulated by the phosphorylation and
dephosphorylation of core subunit proteins (Kraft et al.,*Correspondence: ahb@mole.bio.cam.ac.uk
2003; Kramer et al., 2000; Lahav-Baratz et al., 1995;4 Present address: Stanford University School of Medicine, 300
Pasteur Drive, Stanford, CA 94305. Rudner and Murray, 2000) as well as the abundance and
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Figure 1. APC2, a Central Component of the APC/C, Regulates Synapse Size
(A–D) Synaptotagmin-labeled synaptic boutons (green) and muscle actin (red) at neuromuscular junction synapses (segment A4, muscle 6/7
of wandering third instar larvae). APC2/mr3 mutant synapses (B) are greatly expanded relative to control synapses (A) (boutons/0.1 mm2
muscle surface: mr3/mr3, 138.5  9.2, n  17; mr3/, 73.8  3.6, n  18; p  0.0001). Driving transgenic expression of APC2/Mr in all neurons
of APC2/mr3 mutant larvae (C) completely rescues the increased bouton number phenotype of APC2/mr3 mutants (UAS-mr/;mr3/mr3;elaV-
GAL4/, 76.9  4.5, n  12), whereas expressing functional APC2/Mr in muscles (D) yields no significant rescue (UAS-mr/;mr3/mr3;how-
GAL424B/, 130.8  7.3, n  13; p  0.25).
(E) Quantitation of synaptic bouton numbers, normalized to muscle surface area.
(F) Targeted APC2/mr RNA interference increases synaptic bouton number when induced by expressing APC2/mr hairpin dsRNA in neurons
(p  0.002, n  27, 30), but not in muscles (p  0.2, n  28, 28). Scale bar (A) represents 20 m.
phosphorylation state of activator subunits (Jaquenoud detected in many differentiated cell types, however, in-
cluding rat hippocampal neurons (Gieffers et al., 1999).et al., 2002; Kotani et al., 1999; Kramer et al., 2000;
Zhou et al., 2003). APC/C activity and individual APC/C A homolog of Cdh1 has further been shown to be neu-
ronally expressed in chicken (Wan and Kirschner, 2001).subunits are also spatially regulated within a cell (Clute
and Pines, 1999; Huang and Raff, 1999, 2002; Yanagida No requirement for the APC/C in differentiated cells had
been identified until recently, when the APC/C waset al., 1999).
Unlike the SCF complex, there has been little evidence shown to be required to suppress axonal growth in the
rat brain (Konishi et al., 2004).of a role for the APC/C outside the cell cycle. The APC/C
has been implicated in the regulation of TGF signaling Here, we describe a novel, neurobiological function
for the APC/C. We show that the APC/C subunits Cdc27,(Stroschein et al., 2001; Wan et al., 2001), via degrada-
tion of the TGF nuclear target gene inhibitor SnoN. APC2, and Cdh1 localize to neuromuscular synapses in
Drosophila. Loss of function of APC2 in motor neuronsAPC2, Cdc27, and the activator subunit Cdh1 have been
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leads to overgrowth of synaptic boutons. This over- Together, these experiments demonstrate that APC2/
growth phenotype requires Liprin-, an effector and Mr is specifically required in motor neurons, but not
possible substrate of the APC/C. In muscles, loss of muscles, to regulate synaptic bouton number. Impor-
APC2 function leads to altered synaptic transmission tantly, these experiments also show that APC2/Mr activ-
and increased levels of a postsynaptic glutamate recep- ity is required after terminal cell division, thus identifying
tor. Our data demonstrate that the APC/C has a critical a novel function for the APC/C in postmitotic, differenti-
role both pre- and postsynaptically at neuromuscular ated cells.
synapses, acting in differentiated neurons to regulate
synaptic size and independently in muscles to regulate
synaptic function. Subunits of the APC/C Localize
to the Neuromuscular Junction
Results To investigate a role for the APC/C in the nervous sys-
tem, we assayed the localization of APC/C subunits in
The APC/C Regulates the Size of NMJ Synapses Drosophila larvae (Figure 2) using immunofluorescence.
To investigate a potential role for the APC/C at syn- APC/C subunits have been detected previously only in
apses, we analyzed animals carrying loss-of-function the nuclei of vertebrate neurons (Gieffers et al., 1999;
mutations in the Drosophila ortholog of APC2, morula Konishi et al., 2004). Surprisingly, we detect the core
(APC2/mr; Kashevsky et al., 2002). The strongest avail- Drosophila APC/C subunit, Cdc27, not only in neuronal
able APC2/mr allele is mr3, in which the C-terminal 521 and muscle nuclei but also at neuromuscular junction
amino acids of APC2 (of 802) are deleted. The deletion (NMJ) synapses (Figure 2). This was confirmed using
removes the entire cullin domain (Kashevsky et al., independent antibodies against the N terminus (Figures
2002). The maternal contribution of APC2/Mr protein 2B and 2C) and C terminus (Figure 2D) of Dcdc27.
enables APC2/mr3 homozygous animals to survive until Catalysis of ubiquitylation by the APC depends upon
larval or early pupal stages (Reed and Orr-Weaver, a core association of APC2, a cullin homology domain
1997). In these mutants, neuromuscular synapses are protein, and the RING-H2 protein APC11 (Tang et al.,
greatly expanded relative to controls. While the size of 2001). In order to confirm that the APC/C catalytic sub-
individual APC2/mr3 mutant synaptic boutons is similar units are present at synapses, we generated antisera
to controls, their number per synapse is nearly doubled against the Drosophila APC2/Mr using peptides corre-
(segment A4, muscle 6/7, boutons/0.1 mm2 muscle sur- sponding to amino acids 289 to 303 and 447 to 462 of
face: mr3/mr3, 138.5  9.2, n  17; mr3/, 73.8  3.6, predicted protein CG3060 (Berkeley Drosophila Genome
n  18; p  0.0001; Figures 1A, 1B, and 1E). There is Project, BDGP). CG3060 encodes a predicted protein
no significant increase in branching. of 51.6 kDa. APC2/Mr appears to be developmentally
The increase in bouton number in APC2/mr3 mutants regulated, with several different transcripts detectable
can be reverted by targeted expression of APC2/Mr at various stages of development (Kashevsky et al.,
in all postmitotic neurons using the GAL4/UAS system 2002). The purified anti-APC2/Mr antibody detects a
(Brand and Perrimon, 1993), confirming that this pheno-
predominant isoform of approximately 60 kDa molecular
type is due to the loss of APC2/mr function in motor
weight on Western blots, which is absent in APC2/mr3
neurons, and not to the genetic background (UAS-mr/
mutant third instar larvae (Figure 3). Two less abundant
;mr3/mr3;elaV-GAL4/, 76.9  4.5, n  12; Figures 1C
isoforms of 90 kDa and 40 kDa molecular weight areand 1E). In contrast, targeted expression of APC2/Mr in
also missing from APC2/mr3 mutant third instar larvae.all muscles fails to revert the mutant phenotype (UAS-
Translation of the full-length APC2/Mr sequence wouldmr/;mr3/mr3;how-GAL424B/, 130.8  7.3, n  13; p 
give a predicted protein of 91 kDa molecular weight. We0.25; Figures 1D and 1E). Our results demonstrate that
used the anti-APC2/Mr antibody to stain third instarthe APC/C is required in motor neurons to regulate the
larvae, and find that APC2/Mr is also present at neuro-growth of larval NMJ synapses.
muscular synapses (Figure 2E).As an independent test of this finding, we used tar-
APC/C activator subunits confer temporal and sub-geted RNA interference (RNAi) to reduce expression of
strate specificity on the complex by mediating the physi-the APC/C in a temporally and spatially restricted fash-
cal interaction between the APC/C and its substratesion. We generated a GAL4-inducible construct to ex-
(Pfleger et al., 2001; Schwab et al., 2001). We stainedpress an APC2/mr double-stranded hairpin RNA (Ken-
the NMJ for the APC/C activator proteins Fizzy andnerdell and Carthew, 2000). The phenotype obtained by
Fizzy-related, the Drosophila orthologs of Cdc20 andRNAi is mild in comparison to that of the zygotic mutant,
Cdh1, respectively (Dawson et al., 1993, 1995; Sigrist etpossibly due to the perdurance of zygotically expressed
al., 1995; Sigrist and Lehner, 1997). We detect Cdh1/APC2/Mr protein in neurons prior to the onset of dsRNA
Fizzy-related (Figure 2F), but not Cdc20/Fizzy, at synap-expression. Targeted induction of APC2/mr RNAi in neu-
tic sites, consistent with the report that Cdh1, but notrons generates 20% more boutons than the control
Cdc20, is present in differentiated neurons (Gieffers et(elaV-GAL4C155/Y;;TM6Ubx, UAS-mr-RNAi/, 92.5 3.9,
al., 1999). All three APC/C subunits (Cdc27, APC2/Mrn  30; elav-GAL4C155/Y;;TM6Ubx/, 77.1  3.1, n  27;
and Cdh1/Fzr) are present presynaptically, colocalizingp 0.002; Figure 1F). In contrast, the induction of APC2/
with the synaptic vesicle marker CSP (Figures 2B–2F),mr RNAi in muscles has no effect on bouton number
and in muscle, where Cdc27 and APC2/Mr colocalize(how-GAL424B/TM6Ubx, UAS-mr-RNAi, 80.1  3.9, n 
with the predominantly postsynaptic marker Discs-large28; how-GAL424B/TM6Ubx, 77.0  2.8, n  28; p  0.2;
Figure 1F). (Dlg; Figures 2B–2E).
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Figure 3. APC2/mr Is Missing in mr3 Mutant Larvae
Protein extracts from wild-type and APC2 mutant (mr3/mr3) third
instar larvae were subjected to SDS-PAGE and Western blotting
with the anti-APC2 (anti-mr) antibody. Wild-type larvae express a
60 kDa APC2 isoform that is absent in protein extracts from mr3
mutant larvae (arrowhead). Less abundant isoforms of molecular
weights 90 kDa and 40 kDa (arrowheads) are also missing in mr3
mutant larvae. Molecular weight markers (kDa) are shown on the left.
The APC/C Regulates the Levels of Liprin-
The APC/C is a mediator of protein degradation via poly-
ubiquitylation. If the APC/C plays such a role at the NMJ,
then its target substrates should localize at the synapse
and their concentration should increase in APC/mr3 mu-
tants. All known APC/C substrate proteins contain a
destruction box motif (RxxLxxxxN) (Glotzer et al., 1991;
King et al., 1996) recognized by the APC/C activator
subunits Cdc20 and Cdh1, and/or a KEN box (Pfleger
and Kirschner, 2000) recognized by Cdh1. We searched
the Drosophila predicted protein database for proteins
that: (1) contain multiple destruction boxes or KEN
boxes and (2) are implicated in the regulation synaptic
size or function. Drosophila Liprin- is one such candi-
date. Liprin- localizes at synapses (Kaufmann et al.,
2002) and has three putative destruction box motifs (Fig-
ure 4A), the first and last of which are conserved in
human Liprin-1 and Liprin-2. Loss-of-function muta-
Figure 2. Anaphase-Promoting Complex Subunits Localize at Neu- tions in Dliprin- lead to reductions in NMJ bouton num-
romuscular Synapses ber, and Liprin- is required for the dosage-dependent
(A) A model for ubiquitylation by the APC/C. Substrate proteins are regulation of synaptic bouton number by Dlar (Kaufmann
targeted by the Cdh1/Fzr-activated APC/C complex for conjugation et al., 2002), a receptor tyrosine phosphatase with which
of ubiquitin by an E2 ubiquitin-conjugating enzyme. Polyubiquity- it interacts. Conserved RxxL motifs are further present
lated substrates are recognized and degraded by the 26S pro-
in the C. elegans Liprin ortholog SYD2, also a regulatorteasome.
of synaptic size and function (Zhen and Jin, 1999).(B) A neuromuscular junction (NMJ) synapse showing cysteine string
To assess whether Liprin- protein levels are regu-protein (CSP, blue; a marker of synaptic vesicles), Discs large (Dlg,
green; a predominantly postsynaptic marker of muscle membrane), lated by the APC/C, we measured Liprin- immunofluo-
and Cdc27 (red; a core subunit of the APC/C). Cdc27 clearly marks
synaptic boutons (arrowheads, inset), muscles and muscle nuclei
(asterisk, inset).
(E) APC2/Mr (red) colocalizes primarily with Dlg postsynaptically,(C) A higher magnification view of Cdc27 shows strong colocaliza-
but also with CSP presynaptically (arrowheads).tion with CSP at presynaptic structures, and colocalization with Dlg
(F) Cdh1/Fzr (red) strongly marks boutons presynaptically (arrow-postsynaptically. Anti-Cdc27 recognizes the N terminus of Cdc27.
head) and is expressed in muscle, but appears to be absent from the(D) A second antiserum, directed against the C terminus of Cdc27
immediate subsynaptic membrane (open arrowhead) and muscle(red) also labels the NMJ, colocalizing strongly with both CSP (blue)
nuclei (asterisk). Scale bar (B) represents 25 m.and Dlg (green).
The APC/C Regulates Synaptic Size and Activity
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Figure 4. APC2/mr Acts through Liprin- to Regulate Synaptic Size
(A) Drosophila Liprin-: putative destruction boxes (RxxLxxxxN) are highlighted; white bars show (RxxL) sequences. Tick marks are every 400
amino acids.
(B) Muscle 4 synapses of APC2/mr3 mutant and control heterozygote larvae stained for neuronal membrane (anti-HRP, green) and Liprin-
(red). Synaptic Liprin- immunofluorescence is increased in APC2/mr3 mutants.
(C) Quantification of mean presynaptic fluorescence intensities (see methods). Mean Liprin- signal is increased 34% in APC2/mr3 mutants
(arbitrary units: mr3/mr3, 1.34  0.09, n  17; mr3/, set to 1  0.09, n  17; p  0.007), while mean HRP signal is unchanged (mr3/mr3, 0.99 
0.04, n  17; mr3/, set to 1  0.05, n  17). The ratio of presynaptic Liprin- to HRP signal is similarly increased in mutants expressing
APC2/Mr postsynaptically (which does not rescue the increase in synaptic bouton number; UAS-mr/;mr3/mr3;how-GAL424B/, 1.39  0.09,
n  18) as compared to those expressing APC2/Mr presynaptically (which does rescue the bouton phenotype; UAS-mr/;mr3/mr3;elaV-
GAL4/, set to 1  0.07, n  18; p  0.0008).
(D–F) Dliprin- is required for the expansion of synapses in APC2/mr mutants. Dliprin-J1, APC2/mr3 double-mutant synapses (E) are dramatically
smaller than APC2/mr3 mutant synapses (D), and no larger than synapses of larvae mutant for Dliprin-J1 alone (F).
(G) Quantitation of synaptic bouton numbers for Dliprin-, APC2/mr mutant genotypes. Removing one copy of Dliprin- from an APC2/mr
mutant suppresses the increased bouton number phenotype of APC2/mr mutants (boutons/0.1 mm2 muscle surface: mr3/mr3, see Figure 1;
Dliprin-J1,mr3/mr3, 100.5  5.6, n  18; p  0.0006), but has no effect on bouton number of heterozygous control larvae (mr3/, 73.8  3.6,
n  18; Dliprin-J1,mr3/, 75.7  3.4, n  18). Synapses of Dliprin-, APC2/mr homozygous mutants and Dliprin- homozygous mutants are
indistinguishable (Dliprin-J1,mr3/Dliprin-J1,mr3, 61.6  3.8, n  24; Dliprin-J1/Dliprin-J1, 60.7  3.7, n  16). Scale bars represent 10 m (B)
and 20 m (D).
rescence signal intensities in APC2/mr mutant versus APC2/Mr in all neurons presynaptically (which rescues the
bouton phenotype; UAS-mr/;mr3/mr3;elaV-GAL4/, setcontrol larvae (Figure 4B; see Experimental Procedures).
The presynaptic Liprin- signal is more than 33% greater to 1 0.07, n 18; p 0.0008) are compared to mutants
expressing APC2/Mr in all muscles (which does not res-in APC2/mr3 mutants than in heterozygote controls (arbi-
trary units: mr3/mr3, 1.34  0.09, n  17; mr3/, set to cue the increase in synaptic bouton number; UAS-
mr/;mr3/mr3;how-GAL424B/, 1.39  0.09, n  18; Fig-1  0.09, n  17; p  0.007), while the mean signal
intensity of the independent neuronal marker, HRP, re- ure 4 legend). Our data demonstrate that Liprin- is
regulated presynaptically by APC2/Mr.mains unchanged (mr3/mr3, 0.99  0.04, n  17; mr3/,
set to 1  0.05, n  17; Figure 4C). The increased level We identified the ubiquitin ligase, Highwire (Hiw), as
a potential APC/C substrate. Hiw has a candidate KENof presynaptic Liprin- at the NMJ results from the loss
of APC2/Mr in neurons, as Liprin- levels are reduced box motif and two putative destruction box motifs at
its carboxyl terminus, and has been shown to regulateby a similar magnitude when mutant larvae expressing
Cell
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synaptic growth (DiAntonio et al., 2001). However, Hiw therefore investigated whether the APC/C has a role
in muscle to regulate synaptic function. We measuredat the NMJ does not increase in APC2/mr mutants (data
not shown). Furthermore, the loss of Highwire results in excitatory junctional potentials (EJPs) in APC2/mr3 mu-
tants. The amplitudes of both spontaneous (mEJP) andincreased synapse size (Wan et al., 2000), a phenotype
opposite to that predicted for an APC/C substrate. evoked (EJP) junctional potentials are greater in homo-
zygous APC2/mr3 larvae than in controls (Figures 6A,
6B, 6F, and 6G). Quantal content (the mathematicallyThe APC/C Acts through Liprin- to Regulate
derived number of quanta released per action potential,Synaptic Size
corrected for nonlinear summation effects; Martin, 1955)If Liprin- is a downstream effector of the APC/C at
is not significantly increased in APC2/mr3 mutant NMJssynapses, then removal of Liprin- by mutation should
(Figure 6H), nor is the frequency of spontaneous eventssuppress the APC2/mr synaptic expansion phenotype.
significantly altered (Figure 6 legend). As quantal con-Removing one copy of Dliprin- from an APC2/mr3 mu-
tent is largely unchanged, the increase in mean EJPtant strongly suppresses the NMJ phenotype (boutons/
amplitude is due primarily to the observed increase in0.1 mm2 muscle surface: Dliprin-J1,mr3/mr3, 100.5 5.6,
quantal size. This could reflect an alteration in the size orn  18; p  0.0006; Figure 4G), but has no effect on the
neurotransmitter content of synaptic vesicles. However,NMJ size of control larvae (mr3/, 73.8  3.6, n  18;
when we examine pre- and postsynaptic ultrastructureDliprin-J1,mr3/, 75.7  3.4, n  18; Kaufmann et al.,
by electron microscopy, we observe no obvious defects2002; Figure 4G). Removing both copies of Dliprin-
(Figures 7A and 7B), nor are there significant differencesfrom APC2/mr3 mutants completely suppresses the
in synaptic vesicle size (Figure 7C). This suggests thatAPC2/mr phenotype (Dliprin-J1,mr3/Dliprin-J1,mr3, 61.6
the increase in quantal size reflects an increased post-3.8, n  24; Figures 4E–4G). The size of the NMJ in
synaptic sensitivity to neurotransmitter.Dliprin-, APC2/mr3 double mutants is indistinguishable
To confirm that APC2/Mr functions postsynapticallyfrom that of Dliprin- mutants alone (Dliprin-J1/Dliprin-
to regulate synaptic transmission, we recorded mEJPJ1, 60.7  3.7, n  16). This suppression demonstrates
potentials from APC2/mr mutant larvae expressingthat Liprin- is a critical effector of the APC/C presynap-
APC2/Mr protein either presynaptically or postsynapti-tically, and suggests that the APC/C regulates bouton
cally. Postsynaptically expressed APC2/Mr protein com-number by modulating the level of Liprin- protein. In
pletely rescues the quantal size phenotype (Figures 6Bsupport of this, neuronal overexpression of Dlar, a Li-
and 6C). When APC2/Mr is expressed presynaptically,prin--interacting receptor tyrosine phosphatase, also
however, quantal size is not significantly different fromincreases synaptic bouton number (Kaufmann et al.,
that recorded in morula mutants (Figure 6C). Postsynap-2002). Our preliminary data suggest that neuronal over-
tic rescue can be seen clearly by comparing the distribu-expression of a Liprin--yellow fluorescent protein (YFP)
tions of mEJP amplitudes in APC2/mr and control larvaefusion protein does not cause an increase in synaptic
(Figure 6D) with the mEJP amplitude distributions ofbouton number (P.V.R. and A.H.B., unpublished data)
APC2/mr mutants expressing APC2/Mr either in neu-suggesting that although Liprin- is necessary for regu-
rons or muscle (Figure 6E).lation of synapse size via the APC/C, it may not be suffi-
cient.
GluRIIa Levels Are Increased Postsynaptically
at the Synapses of APC2 MutantsLiprin- Is Ubiquitylated In Vivo
Our data show that APC2/Mr functions in muscles toTo test whether Liprin- is ubiquitylated in vivo, we gen-
modulate the strength of synaptic transmission. Theerated a line expressing Liprin--YFP. We prepared
principle neurotransmitter at the Drosophila NMJ is glu-protein extracts from third instar larvae expressing
tamate. Although APC2/mr3 mutant synapses have nor-Liprin--YFP in the nervous system. Protein was immu-
mal ultrastructure (Figures 7A, 7B, and 7C), we see anoprecipitated either with an anti-GFP antibody or an
striking upregulation of the postsynaptic glutamate recep-anti--galactosidase antibody. A second immunopre-
tor. GluRIIa immunoreactivity at the NMJs of APC2/mr3cipitation was then carried out using either anti-ubiquitin
mutant larvae is 50% higher than in control animals (arbi-or anti--galactosidase. The immunoprecipitated pro-
trary units: mr3/mr3, 1.50  0.16, n  18; mr3/, set toteins were identified on a Western blot probed with a
1  0.08, n  18; p  0.005; Figures 7D and 7E). Levelsmonoclonal anti-GFP antibody. Liprin-YFP has a pre-
of the postsynaptic marker protein Dlg, used as a con-dicted molecular weight of 160 kDa. A band of 160 kDa
trol, are unaltered (mr3/mr3, 0.98  0.12, n  18; mr3/is observed in the input lane, and after the first immuno-
set to 1 0.11, n 18; Figures 7D and 7E). This dramaticprecipitation with anti-GFP but not anti--galactosidase
increase in glutamate receptor at the synapse is strongly(Figure 5). The protein is also present after the second
consistent with, and provides an explanation for, theimmunoprecipitation with anti-ubiquitin (but not anti-
recorded increase in quantal size in APC2/mr3 mutants.-galactosidase) suggesting that Liprin-YFP in the ner-
vous system of third instar larvae is ubiquitylated.
Discussion
The APC/C Acts in Muscle to Regulate
Synaptic Activity Here we show that the APC/C, a ubiquitin ligase known
for its role in regulating cell cycle progression, functionsWe have identified Liprin- as a key downstream ef-
fector of the APC/C in the presynaptic regulation of in differentiated neurons to regulate synaptic growth,
and in muscles to regulate synaptic transmission. Thesynaptic size. However, we have shown by immunofluo-
rescence that APC2 also localizes postsynaptically. We presence of the APC/C subunits Cdc27, Cdh1/Fzr, and
The APC/C Regulates Synaptic Size and Activity
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Figure 5. Liprin- Is Ubiquitylated in Neurons
Protein extracts of larvae expressing Liprin-
were used in a double immunoprecipitation
experiment. Liprin- was immunoprecipi-
tated first with an anti-GFP antibody (1st IP,
-GFP) or, as a control, an anti--galactosi-
dase antibody (1st IP, control). A second im-
munoprecipitation was then performed with
antiubiquitin (2nd IP, -Ub), or anti--galacto-
sidase (2nd IP, control). Immunoprecipitation
was assayed by Western blotting with a
monoclonal anti-GFP antibody. The 1st IP
lanes contain 5-fold more extract than the
input lane; the 2nd IP lanes contain 210-fold
more extract than the input lane. Liprin-YFP
denotes the full-length Liprin--YFP fusion protein, which has a predicted molecular weight of 160 kDa. Liprin--YFP immunoprecipitates
with anti-GFP and anti-ubiquitin, but not with anti--galactosidase, demonstrating that a pool of Liprin--YFP is ubiquitylated. Molecular
weight markers, in kDa, are shown on the left.
APC2/Mr at synaptic structures, together with the accu- inhibition of receptor turnover/degradation, or (3) an in-
crease in glutamate receptor clustering at the synapse.mulation of potential target proteins at synapses in
APC2/mr mutants, suggest that the APC/C functions at In C. elegans, the glutamate receptor GLR-1 is ubiqui-
tylated, and mutations that disrupt ubiquitylation leadsynapses to regulate local ubiquitin-mediated protein
degradation. to increased accumulation of GLR-1 at central synapses
(Burbea et al., 2002). Although both GLR-1 and Drosoph-In neurons, the APC/C functions upstream of Liprin-
to constrain the number of synaptic boutons. Liprin- ila GluRIIa each have a conserved destruction box motif,
these lie in their extracellular domains, suggesting thatinteracts directly with Dlar, a protein tyrosine phospha-
tase, (Kaufmann et al., 2002) suggesting that the APC/C glutamate receptors may not be direct targets of the
APC/C. An alternative is that postsynaptic APC/C alsomay modulate tyrosine phosphorylation at the synapse
by negatively regulating Liprin- levels. Genetic epista- functions through Liprin-. In vertebrates, Liprin- has
a role in clustering glutamate receptors (Wyszynski etsis demonstrates that the APC/C requires Liprin- to
regulate synaptic bouton number. The regulation of Li- al., 2002). Liprin- mutations do not affect quantal size
at the Drosophila NMJ (Kaufmann et al., 2002), however,prin- by the APC/C may be indirect. However, the pres-
ence of three conserved destruction box motifs in Liprin- suggesting that Liprin- is not necessary for regulating
glutamate receptor levels in flies., its accumulation following the loss of APC/C function
in neurons, and the fact that Liprin- is ubiquitylated in Recent evidence indicates that proteasome-mediated
protein degradation regulates synaptic function in boththe nervous system in in vivo, all suggest that it is a
direct substrate of the APC/C. We have looked for APC/ vertebrates and invertebrates, although the molecular
mechanisms for such regulation have been elusive. TheC-dependent degradation of bacterially expressed Dro-
sophila Liprin- in a Xenopus oocyte extract, but with putative ubiquitin ligase Highwire has been proposed
to be a general regulator of the morphology and functionlittle success (D.A.E., P.V.R., A.H.B. and P. Jackson,
unpublished data). This could reflect the heterologous of neuromuscular synapses in Drosophila (DiAntonio et
al., 2001). The physiological phenotypes of APC2/mor-nature of the assay, or may indicate the requirement for
a cofactor not present in Xenopus oocytes, as has been ula and highwire mutations, however, are dramatically
different, indicating that ubiquitylation at the NMJ in-the case for other substrates of the APC/C (Stroschein
et al., 2001; Wan et al., 2001). volves multiple ubiquitin ligase activities. Indeed there
may be independent roles for regulatory monoubiquity-The APC/C may regulate multiple proteins in differen-
tiated neurons or muscle, just as it targets numerous lation and polyubiquitylation at Drosophila NMJs. A re-
cent report has also described an acute requirementsubstrates during the cell cycle. Indeed, other proteins
degraded at the NMJ synapse, including Drosophila for ubiquitin-mediated proteolysis in regulating synaptic
transmission at the Drosophila NMJ (Speese et al.,Unc-13 (Speese et al., 2003), have putative destruction
box sequence motifs. Interestingly, a role has previously 2003). Acute pharmacologic inhibition of the protea-
some rapidly increases synaptic transmission, but doesbeen demonstrated for some cell cycle proteins at the
Drosophila neuromuscular junction. For example a regu- so via presynaptic mechanisms that increase transmitter
release. Whether this role for ubiquitylation involves thelator of DNA replication, Latheo/ORC3, has been shown
to affect synaptic function and behavior (Pinto et al., APC/C or another ligase mechanism is unclear.
Recently Zhao et al. (2003) demonstrated a role for1999; Rohrbough et al., 1999). Licensing of DNA replica-
tion is regulated during the cell cycle in part by the protein degradation in regulating synaptic plasticity in
Aplysia. They show that longer term pharmacologicalAPC/C (McGarry and Kirschner, 1998; Tada et al., 2001;
Wohlschlegel et al., 2000). inhibition of the proteasome facilitates serotonin-evoked
synaptic strengthening at a central sensory-motor syn-In muscles, the APC/C modulates muscle sensitivity
to neurotransmitter and regulates the levels of a post- apse. Presynaptic proteasome inhibition promotes growth
of synaptic contacts, while postsynaptic inhibition in-synaptic glutamate receptor. The upregulation of GluR-
IIa observed in APC2/mr mutants could result from: (1) creases the strength of glutamatergic synaptic inputs.
Here, we show that mutation of APC2/mr in Drosophilaan increase in local glutamate receptor synthesis, (2)
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Figure 6. APC2/Mr Regulates Synaptic Transmission Postsynaptically
Electrophysiological analysis of excitatory junctional potentials reveals a quantal size defect in APC2/mr mutants.
(A) Spontaneous miniature excitatory junctional potential (mEJP) traces from five different individuals of heterozygous control and homozygous
APC2/mr3 mutant larvae.
(B) mEJP amplitude is significantly increased in APC2/mr3 mutants (mr3/mr3, 0.72 0.05 mV, n 14; mr3/, 0.51 0.02 mV, n 14; p 0.0006).
(C) Expressing functional APC2/Mr protein in muscles completely rescues the APC2/mr3 mEJP amplitude phenotype (UAS-mr/;mr3/mr3;how-
GAL424B/, 0.52  0.02 mV, n  12), whereas expression in neurons of APC2/mr3 mutant larvae does not (UAS-mr/;mr3/mr3;elaV-GAL4/,
0.81  0.06 mV, n  12; p  0.097).
(D) The distribution of mEJP amplitudes in APC2/mr3 mutant larvae is broader and biased toward larger events compared with that of
heterozygous control larvae.
(E) The distribution of mEJP amplitudes in APC2/mr3 mutants expressing functional APC2/Mr in muscles (muscle-APC2) reflects the control
distribution seen in (D), while the distribution of mEJP amplitudes from APC2/mr3 mutants expressing APC2/Mr in neurons (neuronal-APC2)
is similar to that of APC2/mr3 mutants.
(F) Evoked excitatory junctional potentials (EJPs) recorded from an APC2/mr3 heterozygous control and homozygous mutant.
(G) EJP amplitude is increased in APC2/mr mutants (mr3/mr3, 24.25  2.26 mV, n  14; mr3/, 17.14  1.26 mV, n  14; p  0.006).
(H) Mean quantal content is increased in APC2/mr mutants, but not significantly (mr3/, 52.34  6.11, n  14; mr3/mr3, 68.28  8.83; p 
0.08). Frequency of mEJP events is also not significantly affected (mr3/mr3, 1.98  0.23 Hz, n  14; mr3/, 2.45  0.30 Hz, n  14; p  0.12).
Calibration bars are 0.8 mV/256 ms (A) and 5 mV/100 ms (G).
mutant, the C-terminal 521 amino acids of APC2 (of 802) are deleted,is sufficient to parallel both the pre- and postsynaptic
including the entire cullin domain. Rescue of the APC2/mr3 mutanteffects of general proteasome inhibition at a central syn-
phenotype was carried out by driving expression of UAS-mr C5apse in Aplysia. This leads us to suggest that protein
(Kashevsky et al., 2002) with either how-GAL424B (Brand and Perri-
degradation via the APC/C may be an evolutionarily con- mon, 1993) for muscle expression or elaV-GAL4 (Luo et al., 1994)
served mechanism for modulating synaptic strength. for neuronal expression. Only male larvae were scored when using
The APC/C may be a principal regulator of proteasome- elaV-GAL4c155 (Lin and Goodman, 1994).
To generate UAS-mr-RNAi, a 632 bp fragment of exon from thedependent protein degradation at glutamatergic syn-
APC2/morula gene was PCR amplified from genomic templateapses, and thus a key effector of synaptic plasticity.
(priming sequences 5	CGAGTCTACCTCACTGAATCCCTTAGG3	
and 5	CGGTCGCCATCGCTGTGG3	) and inserted in antisense andExperimental Procedures
then sense orientation into the vector pUAST. An insertion on the
third chromosome (TM6,Ubx) was identified that allows the tissueGenetics and Transgenic Lines
specific, GAL4-dependent stabilization of the APC substrate cyclinHomozygous APC2/mr3 mutants were dp,b,cn,mr3/dp,b,cn,mr3,
while heterozygote controls were dp,b,cn,mr3/dp,b,cn. In the mr3 B (van Roessel, 2002).
The APC/C Regulates Synaptic Size and Activity
715
Figure 7. APC2/mr Mutant Synapses Have
Normal Ultrastructure, but Increased Post-
synaptic Glutamate Receptor
(A–B) Electron micrographs of control hetero-
zygous (a; mr3/) and APC2/mr mutant (b;
mr3/mr3) synapses. Arrowheads show synap-
tic contacts, synaptic vesicles, and electron-
dense T-bar structures (asterisks) presynap-
tically. No ultrastructural abnormalities are
apparent at mutant synapses.
(C) Distributions of synaptic vesicle sizes are
similar between control heterozygous and
APC2/mr mutant synapses (mean circumfer-
ence of synaptic vesicles at type Ib boutons:
mr3/, 103.52  1.11 nm, n  109; mr3/mr3,
102.86  0.63 nm, n  380; p  0.3).
(D) Muscle 4 synapses of APC2/mr3 mutant
and control heterozygous larvae stained for
postsynaptic marker Discs Large (Dlg, green)
and glutamate receptor GluRIIa (red). Synap-
tic GluRIIa immunofluorescence is strongly
increased in APC2/mr3 mutants.
(E) Quantification of mean postsynaptic fluo-
rescence intensities (see Experimental Pro-
cedures). Mean GluRIIa signal is increased in
APC2/mr3 mutants by 50% (arbitrary units:
mr3/mr3, 1.50  0.16, n  18; mr3/, set to
1  0.08, n  18; p  0.005), while mean Dlg
signal is unchanged (mr3/mr3, 0.98  0.12,
n  18; mr3/ set to 1  0.11, n  18). Scale
bar (D) represents 5 m.
Dliprin-J1,mr3 double mutants were generated by recombination. hyde. Washes and antibody incubations were performed in PBS
supplemented with 0.1% Triton X-100 (Sigma). Anti-Dcdc27 (HuangTo generate pUAS-DliprinYFP, Dliprin- was PCR amplified with
primers to introduce a 5	 EcoRI and a 3	 XbaI restriction site. YFP and Raff, 1999) and anti-Fzr (Grosskortenhaus and Sprenger, 2002),
were used at 1:500 and 1:200, respectively.was similarly amplified to introduce a 5	 XbaI site and a 3	 KpnI site.
Both PCR products were digested and cloned via three-way ligation To generate antisera against the Drosophila ortholog of APC2,
peptides corresponding to amino acids 289 to 303 and 447 to 462into pUAST digested with EcoRI and KpnI. Transgenic lines were
generated as previously described (Brand and Perrimon, 1993). Neu- of predicted protein CG3060 (Berkeley Drosophila Genome Project,
BDGP) were used to inoculate rabbits (Eurogentec). Serum fromral expression of Dliprin-YFP in larvae was achieved using elaV-
GAL4c155 (Lin and Goodman, 1994). All stocks were raised at 25
C one rabbit was purified over columns (Pierce “Seize” primary immu-
noprecipitation kit) bound with the second peptide only.under standard conditions.
Anti-Morula antibody was used at a dilution of 1:15. Anti-CSP
(Zinsmaier et al., 1990), anti-Syt (Littleton et al., 1993), anti-DlgImmunohistochemistry
Wandering third instar larvae were dissected in calcium free saline (Woods and Bryant, 1991), anti-Dliprin- (Kaufmann et al., 2002),
and anti-GluRIIa (Saitoe et al., 2001) were used at 1:20, 1:500, 1:1500,(Fergestad and Broadie, 2001) and fixed for 30 min in 4% formalde-
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1:1000, and 1:750, respectively. Secondary antibodies conjugated washed five times in wash buffer 1 (50 mM HEPES 7.7, 150 ml NaCl,
1% NP-40) and the immunoprecipitated proteins eluted by boilingto Alexa 488, Alexa 568 (Molecular Probes), or Cy5 (Jackson Immu-
nochemicals) were used at 1:200 (Alexas) or at 3:200 (Cy5). in SDS sample buffer (50 mM Tris [pH 6.8], 2% SDS, 10% glycerol
and 1 mM DTT). For the second IP proteins in sample buffer wereAlexa568-conjugated phalloidin (25 nM, Molecular Probes) was used
to stain muscles, and anti-HRP-Rhodamine Red-X (Jackson Immu- diluted 100-fold in dilution buffer 2 (50 mM Tris [pH 7.6], 10 mM
magnesium acetate, 1% NP-40), incubated with polyclonal antiubi-nochemicals) to stain neuronal membrane at 1:650. All imaging was
performed using a Leica TCS-SP laser-scanning confocal micro- quitin antibody (a kind gift from Josh Kaplan), and crosslinked to
Protein A Dynabeads for 6 hr at 4
C. Subsequently, the second IPscope. Synaptotagmin-positive bouton counting was performed
blind on muscles 6 and 7, abdominal segment A4. All errors are was washed five times with wash buffer 2 (50 mM Tris [pH 7.6], 10
mM magnesium acetate, 1% NP-40). Immunoprecipitated proteinsSEM, and p values derived by a Student’s t test.
were eluted by boiling in SDS sample buffer.
Proteins were separated by SDS-PAGE and transferred to Hy-Quantitative Immunofluorescence
bond-P membrane (Amersham). Blots were blocked in 5% skim milkFor comparative analysis of Liprin- or GluRIIa fluorescence inten-
powder in Tris buffered saline with 0.05% Tween20 (TBS-T) for 3 hr.sity, control and experimental larvae were dissected and fixed simul-
Membranes were incubated with primary antibodies, anti-APC2/mrtaneously under identical conditions. Control preparations were tail-
and monoclonal anti-GFP (Roche) both used at 1 in 1000 dilution,clipped for identification, and primary antibody staining, subsequent
in TBS-T for 1 to 2 hr. Secondary antibodies, antimouse IgG-horsewashes, and secondary staining were performed in the same micro-
radish peroxidase (HRP) (Jackson Laboratories), and antirabbit IgG-fuge tube. For each experiment, muscle 4, segment A2 synapses
HRP (Jackson Labs) were used at 1 in 2000 dilution in TBS-T. Mem-of both genotypes were imaged in alternating order in one session,
branes were incubated with secondary antibodies for 30 min to 1using identical microscope settings. Low magnification (40), low
hr. Three 10 min washes in TBS-T were performed after incubationresolution images were used to avoid photobleaching. Pre- or post-
with primary and secondary antibodies. Westerns were developedsynaptic volumes were defined blind using the threshold selection
using the ECL plus kit (Amersham) in accordance with manufactur-tool of Volocity (Improvision) image analysis software on the HRP
er’s instructions.(Liprin- tests) or Dlg (GluRIIa tests) channel. Mean intensity values
for both channels in the threshold volume were calculated, and
values of both measures for the control genotype assigned the Acknowledgments
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